Introduction
============

Breast cancer (BC) is the most common in women, with a worldwide incidence of \~13%, in 2015 ([@b1-ol-0-0-11206]--[@b3-ol-0-0-11206]). Numerous studies demonstrated that the environment has crucial effects on the development of cancer and other diseases, such as infertility, heart disease and lung cancer ([@b4-ol-0-0-11206],[@b5-ol-0-0-11206]). It has been reported that environmental contamination cause \~20% of all diseases, and that \>30% of these diseases affect children ([@b4-ol-0-0-11206]). An environment less contaminated would therefore minimize the occurrence of numerous diseases/disorders and associated morbidity ([@b5-ol-0-0-11206]). Investigating the mechanisms of BC development and determining novel potential biomarkers for this disease are therefore crucial ([@b6-ol-0-0-11206]).

Metabolomics is one of the newest 'omics' sciences that has been recently developed to determine novel biomarkers for multiple human diseases/disorders, and that could be used to understand the underlying mechanisms of cancer development ([@b7-ol-0-0-11206]). It has been reported that metabolome changes can reflect the pathophysiological status of biological systems, such as in ovarian and liver cancer ([@b8-ol-0-0-11206]). In particular, the urine metabolome has recently attracted much attention ([@b9-ol-0-0-11206]--[@b11-ol-0-0-11206]), since urine is adapted to metabolic profiling and clinical biomarker screening ([@b12-ol-0-0-11206],[@b13-ol-0-0-11206]). Studying urinary metabolomics offers numerous advantages: i) Urine is a highly accessible specimen type; ii) the sample collection is non-invasive; iii) the matrix is simple; and iv) less or no sample preparation is needed before analysis ([@b9-ol-0-0-11206]). It was demonstrated that urinary metabolomics represents a transformative novel approach in the discovery of cancer biomarkers and has a high translational ability for early cancer screening ([@b9-ol-0-0-11206]).

Nuclear magnetic resonance (NMR) spectroscopy, in particular 1H NMR, which is the most popular NMR technique, has been used in metabolome studies since it can detect metabolomic changes in cells, tissues, biofluids or live animals *in vivo* ([@b7-ol-0-0-11206],[@b14-ol-0-0-11206]--[@b17-ol-0-0-11206]). NMR spectroscopy offers numerous advantages for metabolic studies, as it requires little or no sample preparation prior to analysis. The NMR method is fast, non-invasive, non-destructive and highly reproducible ([@b18-ol-0-0-11206]). NMR has therefore been extensively applied in metabolic studies ([@b14-ol-0-0-11206]--[@b18-ol-0-0-11206]).

Heavy metals negatively affect humans in many ways, since they exist in the entire environment (air, water, oil and sediments) ([@b19-ol-0-0-11206]--[@b22-ol-0-0-11206]). As they can enter the body through inhalation, ingestion and skin absorption, heavy metals are found in all human tissues. They can interfere with numerous metabolic processes, resulting in toxicity ([@b19-ol-0-0-11206]--[@b22-ol-0-0-11206]). It has been reported that urinary heavy metals can be considered as biomarkers for cancer development in liver, prostate and lung cancer ([@b11-ol-0-0-11206],[@b23-ol-0-0-11206]--[@b25-ol-0-0-11206]). Cadmium (Cd), lead (Pb), mercury (Hg) and tin (Sn) were reported to be toxic because they can mimic or block the functions of other essential metals ([@b26-ol-0-0-11206]). Furthermore, Cd, chromium (Cr), nickel (Ni), copper (Cu), Pb and Hg have been demonstrated to be carcinogenic and induce lung, liver, larynx, esophageal, prostate, breast and gastrointestinal cancers ([@b27-ol-0-0-11206]--[@b31-ol-0-0-11206]). However, the correlation between urinary levels of heavy metals and metabolomes in patients with BC, and their association with cancer development remain unknown. The present study aimed therefore to investigate the metabolome and heavy metals level in the urine of patients with BC at first diagnosis.

Materials and methods
=====================

### Patient population and urine sample collection

Urine samples from patients with BC (n=106) and age-matched healthy women (n=38) were collected from the Affiliated Tengzhou Central People\'s Hospital of Jining Medical University of Jining Medical University between September 2017 and July 2018. Patients with BC and women of the control population were from the same local area (Tengzhou city, Shandong Province, China). The patients recruited into the study have never smoked. Since there are lots of mines in this area, the heavy metals contamination is relatively high. The study was performed according to the standards of the Institutional Ethics Committee and the Helsinki Declaration of 1975, as revised in 1983, and was approved by the Institutional Review Board of the Affiliated Tengzhou Central People\'s Hospital of Jining Medical University. All patients and healthy volunteers provided informed consent prior to the study. Patients with BC were selected according to the following criteria: i) Female sex; ii) patients diagnosed with BC following hematoxylin and eosin staining of biopsy sections; iii) patients with early stage BC (stages I--II) according to the Tumor-Node-Metastasis classification ([@b32-ol-0-0-11206]); iv) patients who received no preoperative treatment, including adjuvant chemotherapy or radiotherapy; and v) patients without diabetes or other simultaneous diseases. The healthy volunteers selected were age- and gender-matched, did not suffer from metabolic diseases, and were confirmed to have no breast lesions following physical examination, mammography and ultrasonography of the breast. Prior to surgery and following overnight fasting, 20 urine samples were collected from patients with BC over a 24-h time period and samples were combined for each patient. A total of 10 urine samples were also collected over a 24-h time period from healthy volunteers that were fasting overnight. A 20 ml urine sample was used for each patient or healthy subject and centrifuged at 1,500 × g for 15 min at 4°C in order to collect the supernatant. Supernatants were transferred into sterile vials and immediately stored at −80°C until further experiments.

### NMR spectroscopy

NMR analysis was performed as previously described ([@b33-ol-0-0-11206]--[@b40-ol-0-0-11206]). Briefly, prior to NMR spectroscopy, 200 µl urine supernatant was mixed with 80 µl deuteroxide solution containing sodium phosphate buffer (0.1 M; pH 7.4) and sodium 3-trimethylsilyl-2,2,3,3-d4-propionate (all Sigma-Aldrich; Merck KGaA) as an internal standard (δ=0 ppm), then sample was injected. The 1H NMR spectra were acquired using a 600.13 MHz Bruker AV600 spectrometer (Bruker Corporation) with a 5-mm CryoProbe (Bruker Corporation) at 300 K. Nuclear overhauser effect spectroscopy and a zg pulse (a 90° excitation pulse) sequence of 1H NMR spectra, and zgpr pulse sequence of J-resolved NMR spectra were used to acquire NMR information. NMR data were acquired using a T2-relaxation-filtered pulse sequence, which suppressed most of the broad macromolecule and lipoprotein lipid signals and enhanced the detection of smaller molecules. Data were recorded with 64 k data points using 24 (or 16) transients acquired after four steady-state scans with a Bruker 1D CPMG pulse sequence with water peak suppression and a 78 msec T2-filter with a fixed echo delay of 403 msec to minimize diffusion and J-modulation effects. The acquisition time was 3.3 sec and the relaxation delay was 3.0 sec. Data were processed and phase corrected in an automated fashion. Prior to Fourier transformations to spectra, the measured free induction decays for windows were zero-filled to 128 k data points and multiplied with an exponential window function with a 1.0 Hz line broadening.

### NMR spectral processing and analysis

The 1H NMR spectra were processed using MestRe-C (version 3.0) software as previously described ([@b33-ol-0-0-11206]). Briefly, the spectra were binned with a unit of 0.005 ppm between 0.2 and 10.0 ppm, and then integrated spectral intensity for each bin. The binned data were adjusted by generalized log transformation and mean-centered prior to multivariate analysis.

### Multivariate analyses

The processed NMR datasets were examined using principal component analysis (PCA) and partial least squares discriminant analysis (PLS-DA) through the SIMCA-P10.0 software package (version 10; Umetrics ABn) as previously described ([@b33-ol-0-0-11206]). Briefly, PCA was used to reduce the complexity of the metabolomics data matrix without additional information and provided the visual performance of the original cluster for each group. PLS-DA connected the classified information and NMR dataset to determine the variance between the different groups. Two-dimensional score plots were used to visualize the separation of the samples, and the corresponding loading plots were applied to identify the spectral variable contribution to the position of the spectra that were altered by different conditions.

### Mineral element quantification

The determination of mineral elements was completed via inductively coupled plasma mass spectrometry (ICPMS) as previously described ([@b36-ol-0-0-11206],[@b37-ol-0-0-11206]). Briefly, 5 ml aliquots of urine were freeze-dried, 5 ml 98% nitric acid (Sanye Chemical Corporation) was added, then the mixture was transferred into 120 ml Teflon digestion vessels. Samples underwent microwave digestion at 100°C for 30 min. The concentrated nitric acid was used to destroy the organic content and mineralize the sample. The multi-element calibration standards were provided at the concentration of 10 mg/l in 5% nitric acid. An Agilent 7500 ICPMS system (Agilent Technologies, Inc.) was used to simultaneously determination the levels of Cd, Cr, As, Pb and Hg. The voltage for the ion lens was set at 6 V; the gas flow rate in the spray chamber was set at 0.88 l/min; the power output for the RF generator was set at 1,100 W; the auxiliary gas flow rate was set at 1.2 l/min; and the nebulizer gas flow rate of the plasma was set at 16 l/min. All certified reference materials (in solution) were purchased from the National Institute of Metrology. Blank (water) controls (n=3) underwent the same procedures.

### Statistical analyses

The data were statistically analyzed using SPSS statistics software (v21; IBM Corp.) and Student\'s t-test. Differences were compared for every parameter and data were expressed as the mean ± SEM. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Baseline characteristics of the study population

The mean age of patients with BC (50.56±9.72 years) and of the control population (50.12±9.98 years) was similar ([Table SI](#SD1-ol-0-0-11206){ref-type="supplementary-material"}). Body mass index was also similar in the two groups ([Table SI](#SD1-ol-0-0-11206){ref-type="supplementary-material"}). At first diagnosis of BC (stages I or II), urine was collected over 24 h in order to determine the urine metabolome and levels of heavy metals.

### Alteration in urine metabolome

The 1H NMR spectra from urine metabolites of a patient with BC presenting the small molecules metabolic fingerprints is shown in [Fig. 1A](#f1-ol-0-0-11206){ref-type="fig"}. Chemical shift and peak multiplicity parameters were used to assign the specific urine metabolites as previously described ([@b33-ol-0-0-11206],[@b37-ol-0-0-11206]--[@b39-ol-0-0-11206]). A total of 28 metabolites were detected in the urine samples of both patients with BC and controls, mostly amino acids and nucleotides.

Further biochemical information from the 1H NMR spectra was determined by partial least squares discriminant analysis. As seen in [Fig. 1B](#f1-ol-0-0-11206){ref-type="fig"}, patients with BC and healthy volunteers presented two different metabolite populations according to score plots. These findings indicated that the metabolism of patients with BC may have been modified by the cancer itself or by other factors.

The amount of changed metabolites are presented in [Fig. 2](#f2-ol-0-0-11206){ref-type="fig"}. The level of 17 urine metabolites \[histamine, creatinine, hippurate (glycolate), methylhistidine, taurine, trimethylamine-N-oxide, malonate, 2-Ox oisocaproate, dimethylamine, glutamine, glutamate (N-acetylaminoacides) and alanine\] was significantly decreased in patients with BC (P\<0.05) compared with the control population. Data were expressed as the fold change of patients with BC compared with the control population (control group was set as 1).

### Content of urine heavy metals

The level of five common heavy metals (Cd, Cr, As, Pb and Hg) was determined in all urine samples. The relative concentration (µg/l) in urine samples from lowest to highest for the five metals was Cd, Hg, As, Pb, and Cr. The concentration of As and Hg in all the samples was above zero. The three heavy metals As, Cd and Cr were significantly higher in patients with BC compared with healthy volunteers ([Fig. 3](#f3-ol-0-0-11206){ref-type="fig"}; P\<0.05), however, Hg and Pb were not significantly different. Furthermore, Cd was the most significantly increased metal in the urine of patients with BC compared with that in the control group (2.0-fold increase using mean value). These findings suggested that there may be a correlation between urine concentration in heavy metals and BC development. However, no association between urine level of heavy metals and BC histological type was described (data not shown).

Discussion
==========

Apart from patient\'s genetic background, environmental factors serve a crucial role in BC development ([@b41-ol-0-0-11206]--[@b49-ol-0-0-11206]). BC is the most common type of disease in women worldwide. Environmental contamination by heavy metals has been reported to cause BC ([@b41-ol-0-0-11206]--[@b49-ol-0-0-11206]). As, Cd, and Ni have been classified as Group 1 human carcinogens by the World Health Organization ([@b50-ol-0-0-11206]). Furthermore, Pb, Hg, and Cr have been classified as human and animal carcinogens or co-carcinogens ([@b27-ol-0-0-11206]--[@b30-ol-0-0-11206]). The results from the present study demonstrated that Cd was significantly higher in the urine of patients with BC compared with the control population (\~2-fold). In addition, As and Cr were significantly higher in the urine of patients with BC compared with healthy volunteers. These findings indicated that Cd, As and Cr may be involved in the development of BC. Numerous mines are located in the area where the patients and volunteers from the present study live, which leads to high local environmental contamination with heavy metals. This may also affect the levels of heavy metals in the urine.

Heavy metals have been reported to cause numerous physiological disorders, including immunodeficiency, osteoporosis, neurodegeneration, organ failure and cancer ([@b51-ol-0-0-11206]). Environment contamination is the major source of heavy metal exposure in the general population ([@b51-ol-0-0-11206]). Cigarette smoking, dietary intake and water consumption are the main sources of Cd exposure in a population ([@b52-ol-0-0-11206]--[@b54-ol-0-0-11206]). Furthermore, a previous epidemiological study demonstrated that Cd exposure is correlated with BC development ([@b51-ol-0-0-11206]). In addition, Cr exposure has been reported to be a high risk factor for BC, lung cancer, cancers of the buccal cavity, pharynx cancer, esophageal cancer, and non-Hodgkin lymphoma ([@b55-ol-0-0-11206]--[@b58-ol-0-0-11206]). As is also involved in the development of numerous cancers, including breast, skin, lung, bladder, liver and kidney, since As exposure can be mediated by food and water, and by inhalation of sawdust or smoke from burning As-treated materials ([@b58-ol-0-0-11206]--[@b60-ol-0-0-11206]). It has also been reported that other environmental contaminants, including polycyclic aromatic hydrocarbons, are highly detrimental to human health ([@b61-ol-0-0-11206]).

The present study demonstrated that patients with BC presented alterations in the small molecule metabolites compared with the control population, which was similar to results from Cala *et al* ([@b10-ol-0-0-11206]). Both these studies reported an overall decrease in intermediates of the tricarboxylic acid cycle and in amino acids and nucleotides in patients with BC compared with healthy subjects. Furthermore, Burton and Ma ([@b9-ol-0-0-11206]) analyzed the literature investigating the use of urinary metabolomics to develop cancer biomarkers, and reported a significant number of altered metabolic pathways and putative biomarkers, including pteridines, modified nucleosides, and acylcarnitines, which are all involved in cancer development and progression. The results from the present study were similar to the previous study by Cala *et al* ([@b10-ol-0-0-11206]) analyzing the urine metabolite composition in patients with BC.

To the best of our knowledge, the association between urine level of heavy metals and metabolites in patients with BC has not been investigated. It is hypothesized that the urine level of Cd, Cr and As may interact with urine metabolites in patients with BC.

The present study is preliminary, and the results demonstrated that urine level of heavy metals may affect the metabolism of patients BC, which is hypothesized to influence BC development. However, the present study presented some limitations. The groups of patients and volunteers were small, and the numbers of samples were also different in these two groups. Furthermore, menopause status and hormonal replacement therapy was not included in the analysis and would be considered in future studies The results from the present study should be carefully interpreted since heavy metals represent only one cause of BC development. Other factors, such as environmental endocrine disrupting chemicals, air pollution, or particle materials (nanoparticles) may also affect breast cancer development. Further investigation should therefore include a higher number of samples from different countries or areas in order to understand the impact of heavy metals on patients metabolism and BC occurrence. Future study will investigate the impact of heavy metal exposure on BC progression and on the prognosis of patients with BC. Urinary metabolomics have been found to have many advantages and it was demonstrated that urinary metabolomics represents a novel approach in the discovery of cancer biomarkers and has a high translational ability for early cancer screening ([@b9-ol-0-0-11206]).
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